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ABSTRACT: Norovirus infection is the major cause of nonbacterial
gastroenteritis in humans and has been the subject of numerous
studies investigating the virus’s biophysical properties and bio-
chemical function with the aim of deriving novel and highly potent
entry inhibitors to prevent infection. Recently, it has been shown that
the protruding P domain dimer (P-dimer) of a GII.10 Norovirus
strain exhibits two new binding sites for L-fucose in addition to the
canonical binding sites. Thus, these sites provide a novel target for the
design of multivalent fucose ligands as entry inhibitors of norovirus
infections. In this current study, a first generation of multivalent
fucose-functionalized glycomacromolecules was synthesized and
applied as model structures to investigate the potential targeting of fucose binding sites in human norovirus P-dimer.
Following previously established solid phase polymer synthesis, eight precision glycomacromolecules varying in number and
position of fucose ligands along an oligo(amidoamine) backbone were obtained and then used in a series of binding studies
applying native MS, NMR, and X-ray crystallography. We observed only one fucose per glycomacromolecule binding to one P-
dimer resulting in similar binding affinities for all fucose-functionalized glycomacromolecules, which based on our current
findings we attribute to the overall size of macromolecular ligands and possibly to steric hindrance.

1. INTRODUCTION

Noroviruses (NoVs) belong to the Caliciviridae family and are
the main cause of epidemic outbreaks of nonbacterial
gastroenteritis worldwide. NoVs cluster in 7 main genogroups
(termed GI-GVII) and these genogroups are further divided
into numerous genotypes. The GII genotype 4 (GII.4) has
caused several pandemics over the past decade and is by far the
most clinically relevant.1 Histo-blood group antigens (HBGAs)
and the α-1,2-linked fucoside are well studied binding
determinants for NoV.2 The viral particles have icosahedral
symmetry and contain 180 copies (90 dimers) of the major
structural protein VP1 (∼60 kDa). The VP1 is divided into
shell (S) and protruding (P) domains. The P domain dimer
(P-dimer) contains two HBGA binding sites.3,4 These two
HBGA pockets (termed fucose sites 1 and 2) are for the most
part structurally conserved with genotypes, but are different

among the genogroups.4 Recently, a third and fourth α1,2-
linked fucoside binding pocket (termed fucose sites 3 and 4)
located between the two outer canonical binding sites were
discovered by X-ray crystallography (Figure 1).5−7 The atomic
distances between the four-fucose binding pockets are
estimated to be 11 Å (fucose sites 1 and 3), 17 Å (fucose
sites 1 and 4) and 27 Å (pockets 1 and 2). It has been shown
that the terminal α-L-fucoside moiety of HBGAs plays a key
role in binding onto P-dimer for many NoV genotypes, where
the responsible residues at binding pockets 1 and 2 are highly
conserved.8,9 However, the binding affinity to L-fucose is rather
weak and in the low millimolar range. In order to increase
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binding by avidity, multivalent structures presenting several
fucose ligands can be used. Bundle et al. have shown that
fucosylated polymers (60−100 kDa) had 106-fold enhanced
binding to NoV-like particles.10,11 However, little is known
about the underlying mechanism of the ligand-virus binding
and whether it is possible for a multivalent fucose-bearing
ligand to bind simultaneously at all four binding sites.
Therefore, in this study, we report on the synthesis of a first

generation of fucosylated precision glycomacromolecules and
their use as multivalent model structures for the investigation
of binding to NoV P-dimers. Precision glycomacromolecules

were synthesized following previously established protocols for
the stepwise assembly of tailor-made building blocks on solid
support, giving an oligo(amidoamine) scaffold that allows for
the conjugation of sugar ligands in the side chains.12,13 By
choosing the sequence of building blocks during solid phase
assembly, the number and position of fucose ligands along the
scaffold can be controlled. The binding of the fucosylated
glycomacromolecules on NoV P-dimers were investigated with
two different GII genotypes (GII.4 and GII.10) using a
combination of native MS, STD NMR, and X-ray crystallog-
raphy.

2. EXPERIMENTAL SECTION

2.1. Solid Phase Synthesis of Glycomacromolecules. The
synthesis of glycomacromolecules was realized by solid phase polymer
synthesis, based on previously established protocols by stepwise
assembly of tailor-made building blocks, specifically an alkyne-
functionalized building block (TDS) and an ethylene glycol building
block (EDS; Scheme 1).12−16 The resulting oligomer backbones were
functionalized with fucose ligands on defined positions by using
azido-functionalized α-L-fucopyranoside (Fuc-N3) in a Cu-mediated
alkyne−azide cycloaddition (CuAAC) on solid support (Scheme 1).
The final target structures were cleaved from the resin and purified by
preparative RP-HPLC leading to glycomacromolecules 1−9 (Figure
2; for details, cf. SI).

Figure 1. Structure of NoV GII.10 P-dimer (monomers A [teal] and
B [salmon], surface representation) in complex with L-fucose (green
sticks). Binding of L-fucose to the four binding sites in P-dimer was
demonstrated to be a dose-dependent and stepwise process, in which
pockets 1 and 2 displayed the highest affinities toward L-fucose.5

Scheme 1. General Synthetic Scheme for the Preparation of Precision Glycomacromolecules Presenting Fucose via Solid Phase
Assembly of Tailor-Made Building Blocksa

aSolid support was a Tentagel S RAM (rink amide) resin; for further details on the synthesis, see SI.
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3. RESULTS AND DISCUSSION

3.1. Design and Synthesis of Precision Glycomacro-

molecules. The focus of this study was the synthesis of
fucose-presenting precision macromolecules and their use as
multivalent model structures to investigate binding to NoV P-
dimers. Two different GII genotypes (GII.4 and GII.10) were
examined. We applied previously reported stepwise assembly

of tailor-made building blocks on solid support, or so-called
solid phase polymer synthesis,12,13 for the sequence-controlled
attachment of α-L-fucoside in the side chain of monodisperse
oligo(amidoamine) scaffolds. Two different building blocks
were used: (i) a hydrophilic spacer building block (EDS) and
(ii) an alkyne-functionalized building block (TDS).13,15 All
building blocks possess a free carboxyl and an Fmoc-protected
amine group allowing for chain elongation via standard Fmoc-

Figure 2. Overview of the structures of precision glycomacromolecules 1−9 presenting α-L-fucose and D-galactose.

Figure 3. Glycomacromolecule simulations: (A) distribution of the radius of gyration for molecules 1, 2, 3, 4, 5, and 7; (B) distribution of the
distance between fucose ligands for molecules 2 (purple), 5 (blue), and 7 (green); (C) snapshot of glycomacromolecule 2 and (D) snapshot of
glycomacromolecule 5.
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peptide coupling protocols. The sequence of building blocks
during the chain elongation thereby gives the primary
sequence of the macromolecular scaffold and allows for
variations of the number and position of sugar ligands, as
well as the overall length of the scaffold. After assembly of the
scaffold, the alkyne side chains are conjugated with azido-
functionalized α-L-fucoside or D-galactoside derivatives via
Cu(I)-mediated 1,3-dipolar cycloaddition (CuAAC) to give
the final precision glycomacromolecules (see Scheme 1). The
azido-functionalized D-galactose was obtained following
literature protocols17 and used as anomeric mixture with an
α/β-ratio of 1:4 as both anomers could serve as a negative
control for binding. Azido-functionalized α-L-fucose derivative,
1-azidoethyl-2,3,4-tri-O-acetyl-α-L-fucopyranoside, was synthe-
sized adapting a protocol applying H2SO4-silica catalyst for α-
L-fucose with an azido ethyl linker (see SI).18 Here, isolation of
the α-anomer is important, since this is the “native type” of
monosaccharide that binds onto the NoV P-dimer.9

Overall, nine precision glycomacromolecules were synthe-
sized presenting up to four fucose ligands (Figure 2). As
monovalent ligand (1), an oligomeric backbone with three
EDS building blocks to each side of the fucose side chain was
synthesized in order to account for a similar overall chain
length in comparison to the other glycomacromolecules of this
study. For divalent glycomacromolecules, a series with varying
interligand distance going from zero to three EDS spacing
building blocks between the fucose carrying building blocks
was synthesized (2−5). Assuming an all-stretched conforma-
tion of the oligomeric backbone, the distance between two
neighboring fucose ligands with no additional spacer building
block would be ∼31 Å and thus correspond roughly to the
distance between fucose sites 1 and 2 (∼27 Å).11 However, we
should rather assume a coiled structure of the glycomacromo-
lecules in solution, since this coiled structure was previously
discovered using fluorescence correlation spectroscopy.12 To
obtain insights into the conformation of fucosylated glyco-
macromolecules in solution, MD simulations were performed.
Distance distributions of neighboring fucose ligands (center of
mass of fucoses) for glycomacromolecules with different
spacing range from approximately 10 to 20 Å (see Figure
3B). Thus, different spacing of ligands along the backbone
does not become evident as differences in ligand spacing in the
coiled conformation (Figure 3C,D). However, upon contact to
a protein receptor, a change in the scaffold’s conformation
might occur to accommodate binding sites of the receptor.19,20

Furthermore, MD simulations indicate that longer backbones
lead to an increase in the radius of gyration of the overall
glycomacromolecule (Figure 3A). Therefore, in order to keep
the overall chain length constant, EDS building blocks were
added to the backbone to obtain an overall chain length of five
building blocks for all divalent macromolecules. Additionally,
two tetravalent glycomacromolecules were synthesized having
zero or one spacer building block between the sugar side
chains (6, 7). As control, a monovalent galactose function-
alized glycomacromolecule (8) was synthesized as well as a
first heterodivalent structure presenting one fucose and one
galactose ligand (9).
The glycomacromolecules have been isolated as crude

products after deprotection of the carbohydrate side chains
and obtained after cleavage from the solid support with purities
of 90−95% (analyzed by integration of UV signal at 214 nm
using RP-HPLC). All glycomacromolecules were then further
purified by ion exchange chromatography (quarternary

ammonium, acetate form)21 followed by semipreparative RP-
HPLC and obtained with final purities ≥97% (analyzed by
integration of UV signal at 214 nm using RP-HPLC; Table 1).
All structures were confirmed by MS, HPLC, and NMR (see
SI).

In order to analyze hydrodynamic size of the derived
glycomacromolecules in solution, a light scattering study was
performed. We observed that selected glycomacromolecules
show hydrodynamic diameters of about 1.2−1.3 nm under
buffered or high ionic strength conditions (see Table 1). These
values are slightly larger than would have been expected based
on the modeling data (Rh = 0.665RG, for random coil polymers
in θ conditions), but they still support an overall coiled
conformation of the glycomacromolecules. Interestingly, when
performing the measurement in the absence of salt (ultrapure
water), we see the formation of aggregates of about 115 ± 15
nm in diameter. Since the overall solution is still optically
transparent, we assume that the overall number of aggregates is
rather small. However, to further confirm these findings
additional experiments will be required, for example, cryo-
TEM.

3.2. Binding Studies of Glycomacromolecules toward
NoV GII.4 P-Dimer. Native MS Measurements. In order to
obtain first insights into the potential multivalent binding of
fucose-presenting glycomacromolecules to P-dimer, native MS
measurements were performed using GII.4 P-dimers. In short,
native MS employs nanoelectrospray ionization (ESI) to
preserve noncovalent complexes in the gas phase and therefore
allows analysis of the number of glycomacromolecules bound
to the P-dimer protein.6,22,23 Since binding affinities of P-
dimers for glycans are low, the reference protein method is
used to correct for unspecific clustering of ligands during the
ESI process.24 It has previously been shown that the size of the
reference protein does not affect the unspecific clustering,25

and we therefore chose cytochrome c to avoid any spectral

Table 1. Analytical Data Obtained for Precision
Glycomacromolecules 1−9

1As determined by MALDI TOF MS as [M + Na]+. 2As determined
by integration of UV-signal in RP LCMS for final products (gradient:
water/acetonitrile (95:5) to water acetonitrile (1:1) in 30 min). 3As
determined by dynamic light scattering. 4Buffer surrogate = 20 mM
tetraethylammonium acetate (TEAA), 300 mM ammonium acetate
(AmAc), pH 7, n.m. = not measured.
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overlaps. As small ligands only marginally influence ionization
efficiency, the peak areas of bound and unbound P-dimer can
be translated into concentrations and the KD be directly
retrieved from the law of mass action. As is well described in
the literature, multivalent ligands such as the precision
glycomacromolecules can undergo different binding modes
when binding to a multivalent protein.26 In the native MS
experiment, the intermolecular complex formation can be
observed and particularly the stoichiometry of several ligands
binding to one protein receptor can be detected.27

Furthermore, it is possible to ramp ligand concentrations like
in a titration to deduce cooperativity. In this case, we have
analyzed 2−3 concentrations, which gave consistent KD values
(see Table 2), indicating no strong cooperative effects.

Figure 4 shows an exemplary mass spectrum after correction
for unspecific clustering and normalization to the highest
unbound protein peak recorded for glycomacromolecules 5
and 6 binding to GII.4 P-dimer at different concentrations. For
higher concentrations (200 μM), it can be seen that up to two
glycomacromolecules 5 can bind to GII.4 P-dimer at the
concentrations tested (p2; Figure 4). From the experiment we
cannot say, which of the fucose ligands binds to the protein or
which of the protein binding sites is occupied. However, an
apparent binding constant KD1 for the first binding event (p1)
can be derived from the intensities of the different complexes
giving an indication for the overall affinity of the
glycomacromolecules toward GII.4 P-dimer.
Table 2 shows the data obtained for the series of

glycomacromolecules using GII.4 P-dimers. Initially, we
examined the negative control, the galactose carrying structure
8. We observed some residual binding at higher concentration
(SI) with weak binding affinities (KD1 = 2.4 ± 0.6 mM). Based
on the available STD NMR data, we know there is no
interaction between NoV and galactose (see also Figure 5).
The observed binding therefore is considered a result from
variation in electrospray quality or marginal backbone
contribution. Signals of this residual binding do not exceed
10% including standard deviation for p1 and are therefore
defined as threshold for stoichiometry determination. Next, the
number of glycomacromolecules that can bind to GII.4 P-
dimer in dependence of their valences was examined. We
found that at the highest concentration evaluated, ligand-
protein complexes with up to two glycomacromolecules per
protein were detected for divalent systems 2−5. This is in
agreement with previous studies investigating the multivalent
binding of glycomacromolecules based on similar scaffold
showing formation of intermolecular complexes via ligand−
receptor clustering.12,16 All other glycomacromolecules show
only binding of one glycomacromolecule per protein above

Table 2. Results of Native MS Measurements of
Glycomacromolecules 1−9 as Well as HBGA B
Tetrasaccharide as Positive Control Binding to GII.4 P-
Dimer

aAverage value for the dissociation constant for the first
glycomacromolecule bound, errors represent the standard deviation.

Figure 4. (A) Native MS results: interaction of NoV GII.4 P-dimer with glycooligomers 5 and 6 at indicated concentrations in 300 mM NH4OAc
and 20 mM TEAA pH 7; (B) proposed binding of divalent glycomacromolecule 5 with P-dimer (structures not to scale).
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threshold. This is particularly interesting for the higher valent
structures 6 and 7, as they present four instead of two fucose
units but show no enhanced binding and formation of only
single ligand−protein complexes. We would have rather
expected an increase in intermolecular complex formation
due to higher statistical chance of ligand−receptor binding.
Indeed, it has been shown for glycopolymers that higher-valent
structures do not necessarily promote increased binding but
that an increase in the number of sugar residues can also lead
to a decrease in binding.15 The underlying mechanisms of such
findings are not fully understood but contributions could arise
from increasing sizes of the ligands or decreased rotational
freedom with increasing valency.
When we now look at the KD1 values derived from the native

MS experiments (see Experimental Section), all fucose
containing glycomacromolecules have similar affinities (KD1

of 200−400 μM). In order to compare KD1 values with known

ligands of P-dimer, HBGA B tetrasaccharide type 1 was tested
with GII.4 P-dimers. The natural ligand has a slightly higher
affinity (KD1 of 110 ± 30 μM). The monosaccharide ligand,
methyl α-L-fucopyranoside, could not be used as reference as
the mass difference is too small to allow for resolution between
bound and unbound species. If the glycomacromolecules
would be able to address more than one binding site of P-
dimer simultaneously in a chelate binding mode, we would
expect an increase in affinity. We therefore conclude that only
single fucose ligands per glycomacromolecule bind and no
avidity effects are observed in the different multivalent
structures as is also supported by the heterovalent species
(9) behaving similar to the fucose only structures.
When considering simultaneous binding of different fucose

residues of one glycomacromolecule, based on the ligand
distances derived from the modeling and light scattering study,
glycomacromolecules in their coiled conformation could

Figure 5. STD NMR spectra of glycomacromolecule 7 (B) and tetravalent galactose-functionalized glycomacromolecule 11 (see SI; D). Spectra
were acquired on a Bruker AVIII 500 MHz NMR spectrometer. The concentration of glycomacromolecules 7 and 11 was 1 mM in each sample.
STD spectra were obtained in the presence of 30 μM GII.4 P-dimers with a saturation time of 2 s. For more details, see Experimental Section. (A)
Reference (off-resonance) 1H NMR spectrum of glycomacromolecule 7. (B) Difference spectrum of glycomacromolecule 7 in the presence of P-
dimers. (C) Reference (off-resonance) 1H NMR spectrum of 11, (D) Difference spectrum of 11 in the presence of P-dimers. For display, the
difference spectra (B) and (D) have been scaled by factors of 500 and 256, respectively, due to a different number of scans used in the experiments
(see Experimental Section).
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bridge binding site 1 with fucose binding sites 3 (also sites 2
and 4; see Figure 1). However, as previously discussed, this is
not supported by similar KD1 values in native MS experiments.
In principle, multivalent ligands based on flexible scaffolds such
as the glycomacromolecules can also undergo a conformational
change paying an entropic penalty in order to increase ligand-
protein interactions.19,20 Thereby, glycomacromolecules could
theoretically also bridge the outer binding sites 1 and 4. To test
this, divalent glycomacromolecule 4 was used in an electron
paramagnetic resonance (EPR) experiment similar to pre-
viously described experiments by Wittmann and Drescher.19

By the introduction of spin labels, here TEMPO side chains, at
both ends of the glycomacromolecule (see SI for synthesis and
characterization of resulting glycomacromolecule 10), dis-
tances between these labels were analyzed in the absence and

presence of P-dimer via double electron−electron resonance
(DEER) spectroscopy (see SI for experimental setup).28−30 No
significant differences in the absence and presence of GII.4 P-
dimer were observed suggesting that the conformational
ensemble of the glycomacromolecule remains unaltered upon
interaction with P-dimer (see SI).
Recent studies based on native MS31 and simple docking32

show that larger oligosaccharides such as blood group A or B
tri- and tetrasaccharides do not bind into all four binding sites
simultaneously. Along those lines, monovalent binding of
glycomacromolecules could be attributed to steric effects
resulting from the scaffold blocking binding of a second ligand.
Since there are no indications of simultaneous binding of
several fucose residues of the same glycomacromolecule, at this
time, we cannot exclude the influence of other structural

Figure 6. NMR chemical shift perturbation (CSP) experiments. CSPs are given as Euclidean distances Δδ.36 Selected regions from 1H,15N-TROSY
HSQC experiments (A) showing NH cross peaks of amino acids of uniformly 2H,15N-labeled GII.4 P-dimer (black contours) and with Euclidean
perturbations > μ + 3σ in the presence of 1 mM concentration of glycomacromolecule 6 (red contours). For comparison, to the right the same
region of a 1H,15N-TROSY HSQC spectrum of P-dimers (black contours) compared to a spectrum in the presence of 4 mM methyl α-L-
fucopyranoside (blue contours) is shown. (B) CSPs are mapped on the crystal structure of the GII.4 P-dimer (pdb 4 × 06). For clarity, only the L-
fucose residues (blue) of the B-trisaccharide ligands are shown. CSPs > μ + 2σ are highlighted in orange, CSPs > μ + 3σ are highlighted in red.
Gray balls indicate perturbations below the significance threshold (2σ). (C) CSPs (Δδ) of backbone NH signals. The upper panel shows the effect
of glycomacromolecule 6, and the lower panel refers to methyl α-L-fucopyranoside. 2σ (orange in the upper panel, light blue in the lower panel)
and 3σ (red in the upper panel, blue in the lower panel) levels are visualized by dashed lines.
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parameters leading to an overall monovalent binding mode,
such as an improper spacing of ligands along the scaffold or the
conformational flexibility of the scaffold that are well-known to
affect multivalent ligand−receptor binding.12,19,26

NMR Measurements Using GII.4 P-Dimers. In order to
prove that ligand−receptor interactions observed in native MS
are indeed based on binding of the fucose ligands attached to
the macromolecular scaffold, we performed STD NMR
experiments33,34 as well as protein-based chemical shift
perturbation (CSP) NMR experiments. In STD NMR
experiments, proton transitions of the protein are saturated
applying a low-power radio frequency (r.f.) field at a frequency
that does not interfere with any of the ligand resonances. Best
results are obtained by using a cascade of Gaussian-shaped low
power r.f. pulses. In large proteins, slow tumbling allows for a
process called spin diffusion that quickly distributes the
saturation throughout the protein, and also toward ligands
bound to it. Upon dissociation, ligands revert to fast tumbling
and to associated altered relaxation properties allowing them to
“store” the received saturation for a much longer period of
time than in the slow tumbling protein-bound state. Therefore,
a large excess of ligand over protein warrants a maximum
accumulation of saturation transfer in the unbound state.
Technically, the degree of saturation transfer is measured using

difference spectra that are generated by subtracting NMR
spectra with saturation from spectra without saturation
transfer. STD NMR spectra discriminate binding ligands
from nonbinding ligands, at the same time providing
information on the binding epitope: Ligand protons closer to
protons in the protein binding pocket show stronger STD
signals than more remote protons. Performing a titration, STD
NMR can be used to obtain dissociation constants KD. The
experiment is extremely well suited for the detection of low
affinity binding and works best for low μM to mM KD values.35

Precipitation of ligands in the presence of GII.4 P-dimers
was a general problem, making it difficult to provide optimum
conditions for STD NMR experiments. For instance,
glycomacromolecule 1 led to precipitation at concentrations
around 1 mM in the presence of a 30 μM solution of GII.4 P-
dimers. Therefore, we were unable to obtain STD NMR
titration curves that would have allowed determination of
dissociation constants KD. However, the experiments provided
qualitative information about which parts of glycomacromole-
cules are in close contact with protons of the binding pocket.
As an example, Figure 5 shows the STD NMR spectrum of
glycomacromolecule 7 in the presence of GII.4 P-dimers. It is
obvious that the fucose residues receive by far the largest
amount of saturation whereas the backbone is almost “silent”.

Figure 7. X-ray structure analysis of glycomacromolecules 6 cocrystallized with GII.10 P-dimer: (A) Asymmetric unit cell contained one P domain
dimer and one glycomacromolecule 6. The GII.10 P domain was subdivided into monomer chain A (salmon) and B (teal), while the
glycomacromolecule is shown in yellow. Close-up view of the binding pocket of GII.10 P domain in complex with fucose ring and a linker structure
of glycomacromolecule 6. Hydrogen bond interactions are black lines and hydrophobic interactions are orange lines. The Omit map (mFo-DFc,
blue mesh) is countered at 3.0 σ. (B) List of interactions where hydrogen bonds are between 2.5 and 3.5 Å, while hydrophobic interactions are
between 3.6 and 5.3 Å. KBA is the code for glycomacromolecule 6 and the number 600 refers to the position of this ligand in the structure file.
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The spectra do not allow to conclude which of the fucose
residues binds, or whether only one or more units of an
individual glycomacromolecule attach to the protein.
As a negative control, we have recorded STD NMR spectra

for tetravalent galactose-functionalized glycomacromolecule
(11). As seen from Figure 5D, there is no response from the
galactose units. Low intensity STD signals are only observed
for the backbone, at the same order of magnitude as for
glycomacromolecule 7, nicely demonstrating that selective
binding is mediated by fucose residues.
CSP NMR experiments usually employ the chemical shifts

of backbone NH protons of a protein as probes sensing
binding of ligand molecules, and at the same time mapping the
binding pocket of the protein.36 Interpretation of CSPs ideally
requires a full assignment of all backbone NH resonances. As
GII.4 P-dimers have a molecular weight of about 70 kDa this
assignment is far from being trivial. Fortunately, we have
recently succeeded in obtaining an almost complete backbone
assignment of GII.4 P-dimers which will be published
elsewhere (Biological Magnetic Resonance Data Bank, bmrb
entry number 27445). Based on this assignment and
employing 1H,15N TROSY HSQC spectra in the absence
and presence of ligand, we were able to map the binding of
glycomacromolecule 6 to GII.4 P-dimers, and to compare it to
the binding of methyl α-L-fucopyranoside (Figure 6).
Precipitation was a problem for CSP NMR experiments, too,
although the experimental conditions were different from the
ones applied for STD NMR. Therefore, CSP based titration
experiments to obtain dissociation constants were not an
option. Glycomacromolecule 6 was chosen as a prototypic
glycomacromolecule to test in CSP experiments as glyco-
macromolecule 6 showed the most benign behavior under the
given experimental conditions. From a comparison of CSPs
observed for glycomacromolecule 6 versus methyl α-L-
fucopyranoside as ligands, it is clear that glycomacromolecule
6 makes use of the same binding pockets as the methyl
glycoside of fucose. This underscores that the scaffold
presenting fucose residues makes little, if any contact with
the protein. Most of the CSPs are associated with NH signals
of amino acids in the binding pocket, as highlighted in Figure
6b. However, there are additional CSPs at remote positions in
the backbone revealing the presence of long-range effects that
are likely due to allosteric effects upon binding.
Overall, STD-NMR experiments support our finding that

binding of L-fucose presenting glycomacromolecules to GII.4
P-dimers is mediated by the fucose residues and not by the
backbone. Comparison of CSP NMR experiments in the
presence of L-fucose versus glycomacromolecule 6 supports the
finding that only one fucose residue per glycomacromolecule is
involved in binding.
X-ray crystallography of GII.10 P-dimer and glycomacro-

molecules. Finally, to investigate further which parts of the
glycomacromolecules mediate P-dimer binding, the glycoma-
cromolecules 1−9 were examined for their binding to the
GII.10 P-dimer using X-ray crystallography. The GII.10 P
domain crystals were soaked with each of the glycomacromo-
lecules 1−9 and further processed for data collection. All
crystals diffracted between 1.9 and 1.4 Å resolution, which
enables to unambiguously identify the ligands that bind in
soaking experiments. Further analysis indicated that glyco-
macromolecules 1, 2, 7, and 9, as well as 8, which was used as a
negative control, yielded only apo structures with no electron
density at any of the fucose binding sites. The fucosylated

glycomacromolecules 3, 4, 5, and 6 clearly showed electron
density for one fucose moiety (Figure 7 and data not shown).
The electron density of the triazole linker of these fucosylated
glycomacromolecules was nicely defined with glycomacromo-
lecule 6, but less defined for other glycomacromolecules (data
not shown). That is why; glycomacromolecule 6 was selected
as a representative for the figure of the interaction between the
fucose moiety of the glycomacromolecules and the GII.10 P
domain. The ligand interactions in the crystal structure of the
glycomacromolecule 6 are identical to those of the other
glycomacromolecules (3, 4, and 5) and show no difference
from the previously published fucose-P domain interactions.37

The rest of the macromolecular scaffold is not detected,
therefore not allowing us to conclude on any potential
multivalent binding effects or orientation of the backbone,
but again supporting the previous finding that fucose binds to
the P domain.

4. CONCLUSION AND OUTLOOK

In summary, this study demonstrates the synthesis of a first
generation of fucose-functionalized precision glycomacromo-
lecules and their use as model structures to investigate
multivalent binding modes of human norovirus P-dimer.
Through the iterative addition of tailor-made building blocks
following the previously established solid phase polymer
synthesis, nine precision glycomacromolecules were synthe-
sized varying the number of fucose ligands from one to four as
well as the interligand spacing along the oligomeric backbone.
Binding to P-dimer was analyzed using native MS, NMR, and
X-ray crystallography. While native MS gives ligand-complex
stoichiometry as well as affinities in terms of KD values, STD
NMR identifies portions of the macromolecular ligands in
contact with the protein. In addition, protein-based chemical
shift perturbation NMR directly provides access to the
topology of the binding pocket. In combination of the
methods affinities measured by native MS can be linked to
interactions with the fucose ligands as further supported by X-
ray crystallography. Taken together, with the structural
definition and information on the glycomacromolecules as
provided by their solid phase assembly as well as molecular
modeling in combination with light scattering, a systematic
approach was presented on deriving novel macromolecular
ligands targeting P-dimer. However, we did not observe any
evidence for binding of multiple fucose units from the same
glycomacromolecules to the fucose binding sites on P-dimer,
hence high affinity ligands were not yet achieved. Quite
unexpectedly, with increasing number of fucose units, we
observed no increase in intermolecular complex formation.
Based on our current results, we attribute this finding to
sterical effects where the overall size of the glycomacromole-
cules hampers binding to more than one binding site of the P-
dimer, however, we cannot exclude other contributing factors
as well. Therefore, we are now exploring other scaffolds for the
multivalent presentation of fucose ligands reducing their
hydrodynamic size, for example, by using branched instead
of linear scaffolds.
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Heteromultivalent Glycooligomers as Mimetics of Blood Group
Antigens
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Abstract: Precision glycomacromolecules have proven to be

important tools for the investigation of multivalent carbohy-

drate–lectin interactions by presenting multiple glycan epi-

topes on a highly-defined synthetic scaffold. Herein, we

present a new strategy for the versatile assembly of hetero-

multivalent glycomacromolecules that contain different car-

bohydrate motifs in proximity within the side chains. A new

building block suitable for the solid-phase polymer synthesis

of precision glycomacromolecules was developed with a

branching point in the side chain that bears a free alkyne

and a TIPS-protected alkyne moiety, which enables the sub-

sequent attachment of different carbohydrate motifs by on-

resin copper-mediated azide–alkyne cycloaddition reactions.

Applying this synthetic strategy, heteromultivalent glycoo-

ligomers presenting fragments of histo-blood group anti-

gens and human milk oligosaccharides were synthesized

and tested for their binding behavior towards bacterial

lectin LecB.

Introduction

Glycoconjugates are ubiquitous in nature and are important

components of the extracellular matrix and glycocalyx, a dense

layer of carbohydrate-based molecules on the cell surface.

Their specific interactions with carbohydrate recognition recep-

tors, such as lectins, play important roles in many biochemical

processes,[1] including cell–cell communication, immune re-

sponse, fertilization, cell migration,[2,3] and cancer metastasis.[3, 4]

Furthermore, they are known to mediate interactions with

pathogens[5,6] such as viruses and bacteria that engage specific

carbohydrates within the glycocalyx to attach, enter, and infect

these cells. In particular, histo-blood group antigens (HBGAs),

including ABO blood groups and Lewis antigens, represent im-

portant target structures for many pathogenic lectins.[6, 7] While

there are still many open questions concerning the biological

function and role of HBGAs, such as their specificity towards

selected pathogens, it has already been shown that glycomi-

metic structures[8] can be used as suitable model compounds

to study the role of HBGAs, which in turn, may be used to de-

velop new inhibitors for use in antibacterial or antiviral treat-

ment.[9]

In principle, glycomimetic structures of HBGAs are built from

a specific epitope fragment of the HBGA; in the simplest case,

a fucose unit is presented in a multivalent fashion on a syn-

thetic scaffold.[10] There are numerous reports of glycosylated

macromolecular scaffolds and their binding interactions with

pathogen-related lectins, such as LecB from Pseudomonas aeru-

ginosa.[11,12] However, the question remains as to how the affin-

ity and selectivity of HBGA mimetics might be altered by in-

cluding not only one but several different glycan fragments

that imitate more closely the natural ligand’s heterofunctional

structure.[13–15] Indeed, it has been shown that the combination

of different carbohydrate moieties in heterofunctional glyco-

conjugates and glycomimetic structures strongly affects their

recognition process.[16] Therefore, we introduce here a new

strategy towards obtaining glycomimetic ligands by using an

oligo(amidoamine) scaffold with sequence-controlled divalent

heterofunctional glycan side chains that are based on different

fragments of HBGA and human milk oligosaccharide (HMO) li-

gands.

Previously, we reported the synthesis of sequence-controlled

glycooligo(amidoamines), the so-called precision glycomacro-

molecules, and their use as multivalent glycomimetic li-

gands.[17] In short, tailor-made building blocks were assembled

in a stepwise fashion on a solid support to introduce function-

al moieties in the side chains at defined positions within the

scaffold that enabled the attachment of different carbohydrate

ligands. The straightforward exchange of building blocks

during synthesis provided us with access to a library of glyco-

macromolecules that varied by, for example, the number and

position of carbohydrates, the overall length or architecture of

the scaffold, the nature of the linkage between the carbohy-

drate and the scaffold and/or main-chain motifs.[18, 19,20] Further-

more, we developed different methods to obtain heteromulti-

valent glycomacromolecules by using orthogonal coupling
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strategies or throughthe sequential introduction of ligands

during scaffold assembly.[21] Copper-mediated azide–alkyne cy-

cloaddition (CuAAC) proved to be an important tool for the in-

troduction of carbohydrate ligands, both for homo- and heter-

omultivalent glycomacromolecules, yielding highly efficient

coupling directly on solid support. The required alkyne and

azido functional groups can be placed either on the building

block, such as TDS (triple bond diethylenetriamine succinyl ; 1-

(fluorenyl)-3,11-dioxo-7-(pent-4-ynoyl)-2-oxa-4,7,10-triazatetra-

decan-14-oic acid)[17] or BADS (p-(azidomethyl)benzoyl diethyle-

netriamine succinyl),[19] or on the carbohydrate ligand. In this

study, we extended this approach by introducing a new build-

ing block that contained two alkyne groups (one free and one

protected) that allowed for the controlled introduction of dif-

ferent carbohydrates by using CuAAC. After coupling of a first

carbohydrate ligand using the free alkyne, the second, protect-

ed alkyne moiety was deprotected and conjugated with a

second carbohydrate ligand by using the same reaction condi-

tions (Scheme 1).

Results and Discussion

Building block synthesis: iso-DTDS (7)

To mimic the heteromultivalent presentation of neighboring

monosaccharide motifs in branched oligosaccharide structures

more closely, a new building block iso-DTDS (iso-di-triple-bond

diethylenetriamine succinic acid) (7) was developed. iso-DTDS

is based on a previously established key intermediate:[17,20] a di-

ethylenetriamine with asymmetrically protected primary amine

groups (Scheme 2) that allows for the introduction of function-

al side chains at the central secondary amine position. For iso-

DTDS, the functional side chain exhibits a rigid phenylene

linker as a branching point with two acetylene units, one of

which is protected with a TIPS (triisopropylsilyl) group

(Scheme 1). TIPS was selected because it is a well-established

alkyne protecting group that can be selectively cleaved on

solid support,[22] and allows for sequential CuAAC-based func-

tionalization in the presence of another alkyne, in this case

with azido functionalized carbohydrates.

Scheme 2 depicts the synthesis of iso-DTDS, and begins with

compound 1, in accordance to literature protocols,[23] from

asymmetrically meta-halogenized benzoic acid 1a (see the

Supporting Information for synthesis details). After methyl pro-

tection of the acid group to give compound 1b, thermoselec-

tive double Sonogashira reactions were conducted using a

Pd[P(Ph3)]4/CuI catalytic system: initial substitution of the TIPS

acetylene at C3 on the benzene ring (compound 1c) was fol-

lowed by trimethylsilyl(TMS)acetylene substitution at the C5

position. The resultant compound 1d was then treated with

KOH in THF to remove the TMS group and the methyl protect-

ing groups simultaneously to give compound 1 in 71% overall

yield.

The synthesis of iso-DTDS is based on previous reports for

key intermediate 2 (trityl- and TFA-protected diethylenetria-

mine).[17,20] Compound 1 was coupled to the free secondary

Scheme 1. Introduction of a new building block during solid-phase polymer synthesis provides for the asymmetrical conjugation of ligands by coupling a car-

bohydrate ligand to the free alkyne by using CuAAC (e.g. , fucose in red) followed by deprotection of the second alkyne moiety and coupling of a second car-

bohydrate ligand (e.g. , GalNAc in blue).

Scheme 2. Synthetic route for new building block iso-DTDS 7, which combines precursor 1[23] and key intermediate 2.[17, 20]
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amine of compound 2 by using PyBOP (benzotriazol-1-yl-oxy-

tripyrrolidinophosphonium hexafluorophosphate) and DIPEA

(N,N-diisopropylethylamine). The resulting intermediate 3 was

treated with TFA and triethylsilane (TES) as a scavenger to

cleave the trityl protecting group providing a mixture of com-

pound 4 and triphenylmethane. Crude product 4 was used in

the next reaction step without further purification. The C-ter-

minal carboxylic acid group was introduced using succinic an-

hydride. Compound 5 was isolated by precipitation into aque-

ous citric acid solution. In the next step, the TFA-protecting

group was removed. As previously described by Baier et al. , a

rearrangement can occur during this step.[19] Formation of the

primary amine and the rearrangement product was monitored

by LC-MS (see the Supporting Information). Running the reac-

tion at 60 8C for 8 h followed by stirring at room temperature

for 16 h afforded only isomerized product 6 with minor impuri-

ties from the TIPS-cleaved side product. After removal of the

solvent, crude product 6 was treated with Fmoc chloride,

which yielded the final iso-DTDS building block 7 after purifica-

tion. iso-DTDS was obtained in 40% overall yield from com-

pound 2 and 98% purity, as determined by integration of UV

signals in RP(reversed-phase)-HPLC (see the Supporting Infor-

mation). 1H NMR spectra of iso-DTDS were recorded in

[D6]DMSO and [D4]MeOH (Figure 1; see the Supporting Infor-

mation). In [D6]DMSO, the characteristic amide protons of iso-

merized building block 7 were observed at d=8.77 and

7.90 ppm as well as the carboxylic acid proton at d=

12.01 ppm (Figure 1A). Unfortunately, the broad solvent peak

at d=3.38 ppm complicates the analysis of the methylene pro-

tons of iso-DTDS (see the Supporting Information). Therefore,

additional analysis was performed in [D4]MeOH (Figure 1B). As

a result, signals for the TIPS protecting group at d=1.12 ppm

and the Fmoc protecting group between d=7.0–8.0 ppm for

aromatic protons and d=4.39 and 4.16 ppm for aliphatic pro-

tons were clearly visible in the 1H NMR spectrum (for detailed

analysis, see the Supporting Information).

Synthesis of glycooligomers

Syntheses of precision glycooligo(amidoamines) were per-

formed by applying previously reported procedures of Fmoc-

based solid-phase polymer synthesis.[17] iso-DTDS was com-

bined with the previously established ethylenedioxy-bis(ethyla-

mine) succinyl building block (EDS)[17] by using PyBOP as a cou-

pling reagent (Scheme 3). Coupling efficiency of iso-DTDS was

evaluated by Fmoc quantification that was based on UV/Vis

measurements of the cleavage solution for test sequence

(EDS–iso-DTDS–EDS) for both single and double coupling with

5 and 3 equivalents of building block, respectively. Coupling ef-

ficiencies for the introduction of iso-DTDS were about 86% for

the single coupling and 95% for the double coupling. The use

of alternative coupling reagents did not improve the coupling

efficiency: coupling with DIC and HATU showed 21 and 80%

product formation, respectively, for a single coupling (PyBOP:

86%). EDS building block coupling onto the iso-DTDS chain

end yielded 96% efficiency under standard coupling conditions

(see the Supporting Information), which shows that chain elon-

gation is successful after introduction of iso-DTDS. On the

basis of these results, further glycooligo(amidoamines) were

synthesized by using standard coupling conditions for EDS

(see the Supporting Information) and double coupling for iso-

DTDS (3 equiv of building block and PyBOP with 30 equiv of

DIPEA in DMF for 1.5 h).

Scheme 3 shows the solid-phase synthesis of heteromultiva-

lent glycooligomers using iso-DTDS. After assembly of the oli-

gomer backbone and acetylation of the final amine group, car-

bohydrate ligands were conjugated to the iso-DTDS side chain.

As a first step for all glycooligomers, acetylated a-l-fucopyra-

Figure 1. 1H NMR spectra of iso-DTDS: A) excerpt of spectrum in [D6]DMSO; B) full spectrum in [D4]MeOH.
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nosylazide (8c, Fuc) was coupled in accordance with previously

established CuAAC conditions. After removing excess reagents

by successive washing, the TIPS-protecting group was cleaved

with TBAF in DMF.[24] The corresponding glycooligomer could

then be subjected to a second CuAAC reaction with another

azido-functionalized carbohydrate derivative (e.g. , GalNAc (9c),

Gal (10c), Lac (11), or Sia (12)). In the final step, carbohydrate

side chains were deacetylated on resin, and the crude final gly-

cooligomers were cleaved off the resin under acidic conditions

and isolated by precipitation and lyophilization.

Following this protocol, a first generation of homo- and het-

eromultivalent glycooligomers that introduce two iso-DTDS

building blocks and thereby four carbohydrate ligands were

synthesized (Figure 2). In total, six glycooligomers were synthe-

sized by using a scaffold with the sequence EDS–iso-DTDS–

EDS–EDS–iso-DTDS–EDS. We first introduced Fuc, a common

monosaccharide motif found in different HBGAs, through

CuAAC conjugation to the unprotected alkyne on the side

chains of the DTDS. The corresponding glycooligomer was

then split into four batches and further functionalized with

either a GalNAc, Gal, Lac, or Sia residue after TIPS deprotection

to generate glycooligomers 13–16 (Figure 2). In addition, a ho-

momultivalent all-Fuc glycooligomer 17 and an all-Gal glycoo-

ligomer 18 were synthesized for comparison in later binding

studies. The aromatic unit in the glycomimetic structures was

installed with the aim of mimicking the branching sugar unit

in the natural trisaccharide.An additional ethyl linker was intro-

duced via the functionalized monosaccharides in an effort to

balance the rigidity of the aromatic branching unit.

Nomenclature of glycooligomers follows previously intro-

duced systematics: the carbohydrates attached to a single

branching unit (iso-DTDS) are written in brackets (e.g. ,

(Fuc,Gal)) followed by the position of iso-DTDS within the oli-

gomer chain and the overall chain length, as given by the total

Scheme 3. Strategy for the synthesis of heteromultivalent glycooligomers by applying iso-DTDS; the introduction of different carbohydrate units by consecu-

tive CuAAC on solid support.

Figure 2. Hetero- and homomultivalent glycooligomer structures as HBGA

and HMO mimicry.

Chem. Eur. J. 2019, 25, 3301 – 3309 www.chemeurj.org � 2019 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim3304

Full Paper

143



number of building blocks ; for example, (Fuc,Gal)[2,5]-6 for

glycooligomer 14.

Crude glycooligomers were directly analyzed by RP-HPLC/

MS (see the Supporting Information) after cleavage off the

resin. The results demonstrate that the glycooligomers are syn-

thesized in good purity (72–85%). Nevertheless, all structures

were further purified by using an ion-exchange resin and semi-

preparative RP-HPLC to give the final structures in high purities

(>99%) (see the Supporting Information). Glycooligomer 16,

which contained two Sia ligands, was isolated bearing a

methyl protecting group (16-Me). After purification, glycoo-

ligomer 16-Me was subjected to cleavage of the methyl group

to give glycooligomer 16 (Table 1). Final analysis of glycoo-

ligomer structures was performed by 1H NMR, RP-HPLC/MS,

HRMS (ESI), and MALDI-TOF MS (see the Supporting Informa-

tion).

Lectin binding studies of heteromultivalent glycooligomers

towards LecB

After the successful synthesis of the first generation of hetero-

multivalent glycooligomers that imitate fragments of HBGAs,

we investigated their potential to act as HBGA mimetics by

studying their binding behavior towards LecB from Pseudomo-

nas aeruginosa. It is well known that LecB binds to different

HBGAs and HMOs, of which Lewisa shows higher affinity (KD=

210nm) than the monovalent ligand l-fucose (KD=2.9mm).[25,12]

We have previously reported a surface plasmon resonance

(SPR) inhibition competition assay that allows for the measure-

ment of half maximum inhibitory concentration (IC50) values of

glycooligomers binding to LecB.[26] In short, a commercially

available streptavidin-coated sensor chip was functionalized

with commercially available biotinylated polyacrylamide that

contained either fucose (PAA-Fuc) as a positive control or gal-

actose (PAA-Gal) as a negative control at the reference cell.

Glycooligomers were preincubated for 1 h at different concen-

trations with LecB (200nm) in TRIS-buffer, and the ligand/LecB

complex was injected into the SPR sensor chip. Inhibitory po-

tencies of glycooligomers were measured as the reduction of

LecB adhesion to the fucosylated sensor chip surface with in-

creasing amounts of glycooligomer. a-l-Methylfucose (MeFuc)

was measured as a reference compound. Galactosylated oligo-

mer 18 was used as a negative control, whereas homomultiva-

lent fucosylated oligomer 17 served as a positive control for

comparison of the effect of heteromultivalency in the HBGA

mimetics 13–16. Negative control glycooligomer 18 showed

no binding to LecB (see the Supporting Information). Table 2

shows the results of the inhibition competition assay of glyco-

oligomers 13–17 and a-l-methylfucose.

Compared with a-l-methylfucose, all glycooligomers

showed increased inhibition of LecB (Table 2). Previously, we

showed that binding to LecB increased with an increasing

number of fucose units on the oligomeric backbone.[26] Surpris-

ingly, positive control 17, exhibiting a total of four fucose side

chains, did not show an increase in binding compared with

the heteromultivalent glycooligomers that present only two

fucose ligands. For further comparison, we normalized the IC50

values on the IC50 value of a-l-methylfucose to provide relative

inhibitory potencies (RIP) that can be further normalized to the

number of fucose ligands (RIP/n) (Table 2). Indeed, RIP values

fit well with previously investigated homomultivalent glycoo-

ligomers binding to LecB, for which an RIP/n of about 2–3 was

observed.[26] Similar values for heteromultivalent glycooligom-

ers 13, 15, and 16 indicate that the second carbohydrate motif

seems to play no role in improving the overall binding to

LecB. Only glycooligomer 14 with an additional galactose

ligand in close proximity to the fucose ligand showed a lower

IC50 value, and thereby, an increased binding. One possible ex-

Table 1. Analytical data of glycooligomers 13–18.

Glycooligomer Type of sugar Natural model

fragment

MW

[gmol�1]

Yield[a]

[%]

13 2701.88 40

Fuc/GalNAc HBGA A

14 2619.78 49
Fuc/Gal Lewisa

15 2855.95 46

Fuc/Lac 2‘Fucosyllactose (2‘FL)

16-Me Fuc/Sia(Me) – 2906.06 40

16 2878.01 36

Fuc/Sia Sialyl-Lewisa

17 Control 2587.78 26
Fuc/Fuc

18 Negative control 2651.77 36
Gal/Gal[b]

[a] Overall yield after purification by ion-exchange resin and semi-prepa-

rative HPLC with a gradient of water/acetonitrile. [b] Alpha/beta mixture

of galactose.

Table 2. Results from SPR inhibition competition assay of glycooligomers

13–17 and LecB (200nm).

Ligand n[a] IC50 [nm][b] RIP[c] RIP/n[c,d]

MeFuc 1 300�28 1�0.1 1

2 61�16 4.9�0.3 2.5

2 35�9 8.6�0.3 4.3

2 60�11 5.0�0.2 2.5

2 76�8 3.9�0.1 2.0

4 54�8 5.6�0.2 1.4

[a] Number of fucose units within the ligand. [b] IC50 values determined

by two independent measurements with standard error of the mean

(SEM). [c] Relative inhibitory potencies (RIP) based on a-l-methylfucose

(MeFuc), RIP= IC50(MeFuc)/ IC50(glycooligomer). [d] Relative inhibitory po-

tency normalized on fucose units per oligomer (RIP/n).
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planation could be a partial mimicking of the Lewisa ligand. In-

terestingly, Sialyl-Lewisa mimetic 16 did not show increased

binding, although Sialyl-Lewisa is also known as a potent

binder of LecB.[12] Therefore, further studies are required to in-

vestigate participation of the different carbohydrate motifs in

LecB binding in more detail, for example, by STD-NMR or crys-

tallography. Ongoing studies also include the analysis of the

glycooligomer conformation, and thereby, the distance be-

tween carbohydrate side chains attached through the iso-

DTDS building block, for example, by means of molecular

modelling and light scattering.

Conclusion

A new building block, iso-DTDS, suitable for solid-phase poly-

mer synthesis was used to introduce closely neighboring car-

bohydrate ligands in the side chains of precision glycomacro-

molecules. iso-DTDS can be used to create heteromultivalent

glycooligomeric constructs that combine different carbohy-

drate motifs, and thereby, more closely mimic complex oligo-

saccharide ligands. In this report, iso-DTDS was applied to the

synthesis of glycooligomers that contain fragments of HBGAs.

Inhibitory potencies of these glycomimetic oligomers towards

LecB were investigated. Interestingly, a glycooligomer with

only Fuc ligands showed similar inhibitory effects as glycoo-

ligomers that combined Fuc ligands with GalNAc, Lac, or Sia

moieties. Only the glycooligomer that combined Fuc and Gal

residues showed a slight increase in the inhibitory potential,

which indicates additional binding of the Gal ligands within

the structure that is based on fragments of the natural Lewisa

ligand. Overall, this strategy gives straightforward access to a

variety of heteromultivalent glycooligomers and extends our

platform of precision glycomacromolecules. Following the pre-

sented concept, macromolecular mimetics of other oligosac-

charides or combinations of carbohydrates with additional

non-carbohydrate binding motifs are now accessible.

Experimental Section

Synthesis of iso-DTDS

Key intermediate 2[17, 20] and precursor intermediate 1[23] were syn-
thesized according to literature procedures.

3-Ethynyl-5-[(triisopropylsilyl)ethynyl]benzoic acid (1): Aqueous

KOH solution (15 mL, 0.2 gmL�1, 3 g, 53 mmol, 3.7 equiv) was
added to a solution of methyl-3-((triisopropylsilyl)ethynyl)-5-((trime-

thylsilyl)ethynyl)benzoate (1d) (5.98 g, 14.5 mmol, 1 equiv) in THF

(15 mL), and the reaction mixture was stirred for 24 h at room tem-

perature. Upon completion, 15 mL of water were added and a pre-

cipitate formed. The THF was evaporated, and the remaining aque-

ous suspension was cooled with an ice bath. Aqueous HCl (58 mL,
174 mmol, 3m, 12 equiv) was added, and the mixture was stirred

for at least 1 h. The obtained solid precipitate was isolated by

vacuum filtration and dried under high vacuum overnight to afford

3-ethynyl-5-((triisopropylsilyl)ethynyl)benzoic acid (1) as a colorless

solid (4.35 g, 13.3 mmol, 92%). 1H NMR (600 MHz, CDCl3): d=8.15
(p, 4J=1.6 Hz, 2H, HAr-2, HAr-6), 7.8 (t, 4J=1.6 Hz, 1H, HAr-4), 3.15 (s,

1H, C�C-H), 1.15–1.13 ppm (m, 21H, -CH-(CH3)2) ;
13C NMR

(75.5 MHz, CDCl3): d=170.7 (-COOH), 140.3 (CAr-4), 133.8 (CAr-2),

133.4 (CAr-6), 129.9 (CAr-1), 124.8 (CAr-5), 123.2 (CAr-3), 104.7 (C�C-

TIPS), 93.6 (C�C-TIPS), 81.7 (C�C-H), 79.1 (C�C-H), 18.8 (CH3),

11.4 ppm (CH(CH3)2) ; Rf=0.46 (CH2Cl2/MeOH, 10:1); LRMS (ESI): m/z

calcd for C20H26O2Si : 327.2 [M++H]+ ; found: 327.2; HRMS (ESI): m/z

calcd for C20H26O2Si : 327.1775 [M+H]+ ; found: 327.1772; RP-HPLC:

(eluent B, for composition of eluent B see Supporting Information,

gradient from 80–100% over 10 min, then eluent B, 100%, for

17 min, 25 8C): tR=5.8 min, determined purity 98%.

3-Ethynyl-N-[2-(2,2,2-trifluoroacetamido)ethyl]-5-[(triisopropylsi-

lyl)ethynyl]-N-[2-(tritylamino)ethyl]benzamide (3): Dialkyne acid

1 (2 g, 6.13 mmol, 1.05 equiv), PyBOP (3.19 g, 6.13 mmol,

1.05 equiv), HOBt (hydroxybenzotriazole, 0.89 g, 5.84 mmol,

1 equiv), and DIPEA (1.66 mL, 17.52 mmol, 3 equiv) were added to

a solution of 2,2,2-trifluoro-N-(2-((2-(tritylamino)ethyl)amino)ethyl)a-
cetamide (key intermediate 2) (2.58 g, 5.84 mmol, 1 equiv) in DMF

(40 mL). The mixture was stirred for 16 h at room temperature. The

resulting yellowish solution was poured into water (400 mL) and

left to stand overnight. The suspension was centrifuged, and the
water was decanted. The solid product was redissolved in ethyl

acetate and extracted three times with water. The organic phase

was dried over MgSO4, filtered, and concentrated in vacuum.

Column chromatography (hexane/ethyl acetate, 3:1–2:1) afforded

the product as colorless crystals (3.68 g, 4.9 mmol, 84%). 1H NMR

(600 MHz, CDCl3): d=7.85 (s, 1H, NH), 7.66 (s, 1H, HBz), 7.53 (s, 1H,
HBz), 7.46 (s, 1H, HBz), 7.37 (d, 3J=7.8 Hz, 6H, C(C6H5)3), 7.28 (t, 3J=

7.7 Hz, 6H, C(C6H5)3), 7.19 (t, 3J=7.3 Hz, 3H, C(C6H5)3), 3.63–3.61 (m,

2H, (C=O)NH-CH2-CH2), 3.51–3.48 (m, 2H, (C=O)NH-CH2-CH2), 3.43

(t, 3J=5.9 Hz, 2H, C(Ph)3-NH-CH2-CH2), 3.13 (s, 1H, C�C-H), 2.25 (t,
3J=5.9 Hz, 2H, C(Ph)3-NH-CH2), 1.13–1.12 ppm (m, 21H, -CH-(CH3)2) ;
13C NMR (151 MHz, CDCl3): d=172.6 ((C=O)Ph), 157.8 ((C=O)CF3),
157.6, 145.3 (C-1Phenyl), 136.8 (C-4Bz), 136.0 (C-1Bz), 130.4 (C-2Bz, C-6Bz),

129.8 (C-2Bz, C-6Bz), 128.4 (o-CPhenyl, m-CPhenyl), 128.1 (o-CPhenyl, m-

CPhenyl), 126.6 (p-CPhenyl), 124.8 (C-5Bz), 123.0 (C-3Bz), 116.7 (CF3), 104.7

(C-TIPS), 93.5 (C�C-TIPS), 81.8 (C�C-H), 79.2 (C�C-H), 71.0 (C-Ph3),
60.4 (residual ethyl acetate), 50.4 (N(CH2)2), 44.2 (N(CH2)2), 42.2 (NH-

CH2), 39.5 (NH-CH2), 21.1 (residual ethyl acetate), 18.6 (CH3), 14.2 (re-

sidual ethyl acetate), 11.3 ppm (CH(CH3)2) ; HRMS (ESI): m/z calcd for

C45H50F3N3O2Si (monoisotopic mass 749.3624): 750.3697 [M++H]+ ;

found: 750.3699; RP-HPLC: (eluent B, gradient from 80–100% over
10 min, then eluent B, 100% for 17 min, 25 8C): tR=11.2 min, deter-

mined purity 99%. Rf=0.79 (hexane/ethyl acetate, 1:1).

2,2,2-trifluoroacetaldehyde,2-{3-ethynyl-N-[2-(2,2,2-trifluoroace-

tamido)-ethyl]-5-[(triisopropylsilyl)ethynyl]benzamido}ethan-1-

aminium salt (4): TES (10.8 mL, 68 mmol, 2.8 equiv) and TFA
(26 mL, 337 mmol, 10% v/v) were added to a solution of com-

pound 3 (18.09 g, 24.1 mmol, 1 equiv) in CH2Cl2 (240 mL). The col-

orless solution was stirred for 1 h at room temperature, and the re-

action progress was determined by TLC (hexane/ethyl acetate, 1:1)
until complete. The TFA was co-evaporated with toluene. The

crude product, which contained triphenylmethane as a side prod-

uct (1:1 mixture as determined by 1H NMR), was obtained as a

white solid (20.86 g crude mixture calcd to contain product: 14.9 g,

24 mmol, quant.). Remaining triphenylmethane was not successful-

ly separated but could be removed in the next reaction step. The
obtained crude product was used without further purification. Rf=

0.72 (CH2Cl2/MeOH, 5:1) ; 1H NMR (600 MHz, CDCl3): d=8.18 (s, 3H,

NH), 7.96 (s, 1H, (CO)NH), 7.63 (s, 1H, HBz), 7.43 (s, 1H, HBz), 7.38 (s,

1H, HBz), 7.30–7.27 (m, 6H, C5H6), 7.25 (residual toluene), 7.23–7.20

(m, 3H, C5H6), 7.17 (residual toluene), 7.13–7.11 (m, 6H, C5H6), 5.56

(s, 1H, CH3-Ph3), 3.81 (s, 2H, CH2), 3.72 (s, 2H, NH), 3.55 (s, 2H, CH2),

3.36–3.31 (m, 4H, CH2), 3.15 (s, 1H, C�C-H), 2.36 (residual toluene),

1.14–1.09 ppm (m, 21H, CH(CH3)2) ; LRMS (ESI): m/z calcd for
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C26H36F3N3O2Si : 508.3 [M++H]+ ; found: 508.2; HRMS (ESI): m/z calcd

for C26H36F3N3O2Si: 508.2602 [M++H]+ ; found: 508.2607.

4-[(2-{3-ethynyl-N-[2-(2,2,2-trifluoroacetamido)ethyl]-5-[(triiso-

propylsilyl)ethynyl]benzamido} ethyl)amino]-4-oxobutanoic acid

(5): Succinic anhydride (2.411 g, 24 mmol, 1 equiv) and NEt3
(10 mL, 72 mmol, 3 equiv) were added to a solution of crude prod-

uct 4 (20.86 g, which equates to about 14.97 g, 24 mmol, 1 equiv

of product 4) in CH2Cl2 (240 mL, 0.1m). The reaction mixture was

stirred for 2 h at room temperature. The reaction progress was de-

termined by TLC (CH2Cl2/MeOH, 10:1 v/v, acetic acid 1 droplet).

After complete consumption of the starting material, the reaction

mixture was concentrated to a total volume of 100 mL under re-

duced pressure. The mixture was precipitated in aq. citric acid
(10%, 2 L) and stirred for 1 h. The precipitate was isolated by

vacuum filtration, washed extensively with water to remove excess

citric acid, then washed with cold CH2Cl2. The product was ob-

tained as a white solid (13.30 g, 22 mmol, 91%). Rf=0.52 (CH2Cl2/

MeOH, 9:1++one droplet AcOH); 1H NMR (300 MHz, CD3OD, CDCl3):
d=7.57 (t, 4J=1.5 Hz, 1H, p-HBz), 7.37 (s, 2H, o-HBz), 3.72–3.67 (m,

1H, NCH2CH2), 3.63–3.56 (m, 2H, NCH2CH2), 3.52–3.44 (m, 2H,

NCH2CH2), 3.40–3.33 (m, 3H, NCH2CH2, C�CH, overlapping with

signal from CD2HOD signal), 3.25–3.20 (m, 1H, N-CH2CH2), 2.63–2.53

(m, 2H, (CO)CH2), 2.48–2.37 (m, 2H, (CO)CH2), 1.09 ppm (s, 21H,

CH(CH3)2) ; LRMS (ESI): m/z calcd for C30H40F3N3O5Si: 608.3 [M++H]+ ,

630.3 [M+Na]+ ; found: 608.3, 630.2; HRMS (ESI): m/z calcd for

C30H40F3N3O5Si : 608.2762 [M+H]+ ; found: 608.2753; RP-HPLC: (gra-

dient: 40–100% eluent B in 30 min, 25 8C): tR=15.6 min, deter-

mined purity 87%.

4-({2-[(2-{3-ethynyl-5-[(triisopropylsilyl)ethynyl]benzamido}-

ethyl)amino]ethyl}amino)-4-oxobutanoic acid (6): Compound 5

(10.0 g, 16.5 mmol, 1 equiv) was suspended in a mixture of MeOH
(250 mL) and EtOH (180 mL) and stirred at 40 8C until the starting

material was dissolved completely. K2CO3 (16 g, 116 mmol, 7 equiv)

in water (100 mL) was added, and the mixture was heated to 60 8C

and allowed to stir at 60 8C for 8 h, and then at room temperature

overnight. Remaining solvents were removed under reduced pres-

sure at 40 8C. The crude product was analyzed by RP-HPLC and
used without further purification. HRMS (ESI): m/z calcd for

C28H41N3O4Si : 512.29 [M++H]+ ; found: 512.04; RP-HPLC: (gradient:

100–50% eluent A over 0–5 min, 50–0% eluent A over 5–12 min,

0% eluent A over 12–17 min, 25 8C): tR=8.8 min, determined purity

92%.

4-{[2-({[(9H-fluoren-9-yl)methoxy]carbonyl}(2-{3-ethynyl-5-[(tri-

isopropyl-silyl)ethynyl]benzamido}ethyl)amino)ethyl]amino}-4-

oxobutanoic acid (7): The slurry of compound 6 was redissolved
in THF (200 mL) and water (200 mL). Fmoc-Cl (4.67 g, 18 mmol,

1.1 equiv) was added, and the reaction mixture was stirred for 18 h

at room temperature. The emulsion was evaporated under reduced

pressure. The pH was tested to be pH>7 (if the pH<7 adjust).
The gel-like residue was redissolved in ethyl acetate (50 mL), water

(300 mL), and brine (200 mL). The aqueous layer was washed two

times with ethyl acetate to remove remaining Fmoc-based byprod-

ucts. Citric acid (1 L, 10% solution in water) was added to the

aqueous layer to adjust to pH<4. The product was extracted three

times from the aqueous solution with ethyl acetate. The collected
organic layers were dried over MgSO4, filtered, and concentrated

under reduced pressure. Crude product (11.69 g, 15.9 mmol, 96%)

was further purified by silica gel column chromatography (CH2Cl2/

MeOH, 20:1) to afford pure product 7 (6.3 g, 8.5 mmol, 52%). Rf=

0.71 (CH2Cl2/MeOH, 10:1++droplet AcOH); 1H NMR (600 MHz,

CD3OD): d=7.84 (dd, 4, 4J=21.4, 8.0 Hz, 2H, o-HBz), 7.76 (d, 3J=

7.6 Hz, 2H, HAr (Fmoc)), 7.64–7.49 (m, 3H, p-HBz, HAr (Fmoc)), 7.35

(m, 2H, HAr (Fmoc)), 7.27 (dt, 3,4J=21.5, 7.3 Hz, 2H, HAr (Fmoc)),

4.44 (d, 3J=5.8 Hz, 1H, OCH2CH), 4.34 (d, 3J=6.1 Hz, 1H, OCH2CH),

4.16 (dt, 3, 4J=36.4, 5.7 Hz, 1H, OCH2CH), 3.63 (d, 5J=23.9 Hz, 1H,

C�C-H), 3.49 (s, br, 2H, NHCH2CH2), 3.45–3.40 (m, 1H, NHCH2CH2),

3.39–3.34 (m, 2H, NHCH2CH2), 3.34–3.30 (m, overlapping with

[D4]MeOH, NHCH2CH2), 3.21 (t, 3J=5.9 Hz, 1H, NHCH2CH2), 3.06 (t,
3J=5.8 Hz, 1H, NHCH2CH2), 2.56 (t, 3J=6.9 Hz, 2H, (CO)CH2), 2.42 (t,
3J=7.0 Hz, 2H, (CO)CH2), 1.15–1.08 ppm (m, 21H, CH(CH3)2) ;
13C NMR (151 MHz, [D6]DMSO): d=173.8 (CO2H), 172.0

(CH2(CO)NH), 171.1 (CH2(CO)NH), 164.5 (PhCO), 155.6 (O(CO)NH),

155.5 (O(CO)NH), 143.8 (CAr (Fmoc)), 143.8 (CAr (Fmoc)), 140.7 (CAr

(Fmoc)), 136.7, 136.6 (o-CBz), 135.5, 135.4 (o-CBz), 130.7, 130.5 (C-1Bz),

127.6 (CAr (Fmoc)), 127.6 (CAr (Fmoc)), 127.1 (CAr (Fmoc)), 125.1 (CAr

(Fmoc)), 125.0 (CAr (Fmoc)), 123.1 (C-5Bz), 123.0 (C-5Bz), 122.6 (C-3Bz),

122.5 (C-3Bz), 120.1 (CAr (Fmoc)), 120.1 (CAr (Fmoc)), 105.1 (C�C-

TIPS), 92.0 (C�C-TIPS), 91.9 (C�C-TIPS), 82.5 (C�C-H), 82.3 (C�C-H),
81.7 (C�C-H), 67.9 (Fmoc-CH-CH2), 66.9 (Fmoc-CH-CH2), 46.9, 46.7,

46.6, 46.5, 38.1, 37.5, 36.8 (all HNCH2CH2), 30.1 (succinyl-CH2), 30.0

(succinyl-CH2), 29.1 (succinyl-CH2), 21.1 (CH(CH3)2), 18.5 (CH3),

10.6 ppm; LRMS (ESI): m/z calcd for C43H51N3O6Si : 734.4 [M++H]+ ,

756.3 [M+Na]+ ; found: 734.3, 756.2; HRMS (ESI): m/z calcd for

C43H51N3O6Si (monoisotopic mass 733.3547): 734.3620 [M+H]+ ;

found: 734.3623; RP-HPLC: (gradient: 80–100% eluent B over 0–

10 min, 100% eluent B over 10–17 min, 25 8C): tR=6.1 min, deter-

mined purity 98%.

Glycooligomers analysis

(Fuc,GalNAc)[2,5]-6 (13): 1H NMR (600 MHz, D2O): d=8.50–8.48 (m,

2H, N=N-N-CH), 8.46–8.44 (m, 2H, N=N-N-CH), 8.12–8.09 (m, 2H, p-
HPh), 7.94–7.90 (m, 4H, o-HPh), 4.88 (d, 3J=3.6 Hz, 2H, Fuc-H1a),

4.84–4.82 (m, 2H, GalNAc-H1a), 4.75–4.69 (m, 8H, N=N-N-CH2), 4.16

(dt, 2,3J=10.1, 4.5 Hz, 2H, N=N-N-CH2-CH2), 4.10–4.00 (m, 6H, N=N-

N-CH2-CH2 GalNAc-H3), 3.95 (dt, 2,3J=10.5, 4.8 Hz, 2H, N=N-N-CH2-

CH2), 3.87 (d, 3J=2.9 Hz, 2H, GalNAc-H2), 3.82–3.79 (m, 2H,

GalNAc-H4), 3.74–3.44 (m, 62H, CH2-O-(CH2)2-O-CH2, N-CH2-CH2-NH,

Fuc-H2, GalNAc-H6, Fuc-H3, Fuc-H4), 3.40–3.26 (m, 16H, O=C-NH-

CH2-CH2-O), 3.22 (dt, 3,3J=17.7, 5.4 Hz, 2H, Fuc-H5), 3.14–3.09 (m,

2H, GalNAc-H5), 2.76–2.69 (m, 4H, O=C-CH2-CH2-C=O), 2.55–2.47
(m, 20H, O=C-CH2-CH2-C=O), 1.96, 1.95 (s, s, 3H, (CH2-NH)-(O=)C-

CH3), 1.78–1.77 (m, 6H, NH-(O=)C-CH3) (GalNAc)), 0.93–0.91 ppm

(m, 6H, Fuc-H6); MALDI-TOF-MS: m/z calcd for C116H181N29O45:

2723.28 [M++Na]+ ; found 2723.34; HRMS (ESI): m/z calcd for

C116H181N29O45 (monoisotopic mass 2700.2766): 901.0995 [M++3H]3+ ;

found: 901.0988; RP-HPLC: (gradient: 100–50% eluent A over
30 min, 25 8C): tR=14.0 min, determined purity 99%.

(Fuc,Gal)[2,5]-6 (14): 1H NMR (600 MHz, D2O): d=8.47–8.44 (m, 4H,

N=N-N-CH), 8.05–8.03 (m, 2H, p-HPh), 7.89–7.86 (m, 4H, o-HPh), 4.98

(d, 3J=3.7 Hz, 2H, Gal-H1a), 4.88 (d, 3J=3.5 Hz, 2H, Fuc-H1a),

4.75–4.68 (m, 8H, N=N-N-CH2), 4.17–4.15 (m, 2H, N=N-N-CH2-CH2),

4.10–4.07 (m, 2H, N=N-N-CH2-CH2), 4.02–3.98 (m, 4H, N=N-N-CH2-

CH2), 3.83–3.79 (m, 4H, Gal-H2, Gal-H4), 3.76–3.69 (m, 6H, Fuc-H2,

Gal-H3, Gal-H6), 3.67–3.43 (m, 55H, CH2-O-(CH2)2-O-CH2, N-CH2-CH2-
NH, Fuc-H3, Fuc-H4), 3.41–3.24 (m, 18H, O=C-NH-CH2-CH2-O, Gal-

H6), 3.20 (dt, 3, 3J=19.6, 5.1 Hz, 2H, Fuc-H5), 3.16–3.13 (m, 2H, Gal-

H5), 2.75–2.69 (m, 4H, O=C-CH2-CH2-C=O), 2.54–2.48 (m, 20H, O=C-

CH2-CH2-C=O), 1.95, 1.94 (s, s, 3H, O=C-CH3), 0.94–0.92 ppm (m, 6H,

Fuc-H6); MALDI-TOF-MS: m/z calcd for C112H175N27O45: 2641.2

[M+Na]+ ; found: 2641.3; HRMS (ESI): m/z calcd for C112H175N27O45

(monoisotopic mass 2618.2235): 873.7485 [M+3H]3+ ; found

873.7479; RP-HPLC: (gradient: 100–50% eluent A over 30 min,

25 8C): tR=13.7 min, determined purity 99%.

(Fuc,Lac)[2,5]-6 (15): 1H NMR (600 MHz, D2O): d=8.58 (s, 2H, N=N-

N-CH), 8.40–8.39 (m, 2H, N=N-N-CH), 8.01–7.09 (m, 2H, p-HPh),

Chem. Eur. J. 2019, 25, 3301 – 3309 www.chemeurj.org � 2019 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim3307

Full Paper

146



7.88–7.79 (m, 4H, o-HPh), 5.87 (dd, 3,4J=9.1, 1.7 Hz, 2H, Glc-H1b),

4.87 (d, 3J=3.4 Hz, 2H, Fuc-H1a), 4.73–4.64 (m, 4H, N=N-N-CH2),

4.57 (d, 3J=7.7 Hz, 2H, Gal-H1b), 4.15 (dt, 2,3J=8.9, 2.0 Hz, 2H, N=

N-N-CH2-CH2), 4.08–4.05 (m, 4H, N=N-N-CH2-CH2, Glc-H), 4.00–3.94

(m, 12H, Glc-H, Gal-H), 3.88–3.84 (m, 2H, Glc-H), 3.82–3.79 (m, 4H,

Gal-H2, Gal-H4), 3.74–3.69 (m, 6H, Fuc-H2, Gal-H3, Gal-H6), 3.64–

3.44 (m, 51H, CH2-O-(CH2)2-O-CH2, N-CH2-CH2-NH, Fuc-H3, Fuc-H4),

3.42–3.27 (m, 17H, O=C-NH-CH2-CH2-O), 3.24–3.12 (m, 6H, Gal-H6,

Fuc-H5, Gal-H5), 2.73–2.68 (m, 4H, O=C-CH2-CH2-C=O), 2.55–2.45

(m, 20H, O=C-CH2-CH2-C=O), 1.94, 1.93 (s, s, 3H, O=C-CH3), 0.95–
0.93 ppm (m, 6H, Fuc-H6); MALDI-TOF-MS: m/z calcd for

C120H187N27O53: 2877.3 [M++Na]+ ; found 2877.3; HRMS (ESI): m/z

calcd for C120H187N27O53 (monoisotopic mass 2854.2768): 952.4329

[M+3H]3+ ; found: 952.4325; RP-HPLC: (gradient: 100–50% eluent

A over 30 min, 25 8C): tR=12.8 min, determined purity �99%.

[Fuc,Sia(methyl-protected)][2,5]-6 (16-Me): 1H NMR (600 MHz,

D2O): d=8.48–8.46 (m, 2H, N=N-N-CH), 8.37–8.36 (m, 2H, N=N-N-

CH), 8.08–8.06 (m, 2H, p-HPh), 7.92–7.88 (m, 4H, o-HPh), 4.88 (d, 3J=

3.5 Hz, 2H, Fuc-H1a), 4.76–4.62 (m, 11H, COO-CH3, N=N-N-CH2,

overlapping with HDO-signal), 4.24–4.22 (m, 2H, N=N-N-CH2-CH2),
4.10–4.07 (m, 2H, N=N-N-CH2-CH2), 4.02–3.98 (m, 4H, N=N-N-CH2-

CH2), 3.83 (t, 3J=10.2 Hz, 2H, Sia-H8), 3.76–3.43 (m, 73H, CH2-O-

(CH2)2-O-CH2, N-CH2-CH2-NH, Fuc-H2, Fuc-H3, Fuc-H4, Sia-H4-H7,

Sia-H9), 3.41–3.25 (m, 17H, O=C-NH-CH2-CH2-O), 3.20 (dt, 3,3J=18.7,

5.2 Hz, 2H, Fuc-5), 3.16–3.11 (m, 2H, Sia-H), 2.76–2.70 (m, 4H, O=C-

CH2-CH2-C=O), 2.62 (dd, 2,3J=12.9, 4.6 Hz, 2H, Sia-He3), 2.55–2.47
(m, 21H, O=C-CH2-CH2-C=O), 2.00 (s, 6H, (NH)CO-CH3 (Sia)), 1.95,

1.95 (s, s, 3H, O=C-CH3), 1.79 (t, 2,3J=12.4 Hz, 2H, Sia-Ha3), 0.94–

0.93 ppm (m, 6H, Fuc-H6). MALDI-TOF-MS: m/z calcd for

C124H193N29O51: 2927.34 [M++Na]+ ; found: 2927.47; HRMS (ESI): m/z

calcd for C124H193N29O51 (monoisotopic mass 2904.3400): 969.1206

[M+3H]3+ ; found: 969.1191; RP-HPLC: (gradient: 100–50% eluent

A over 30 min, 25 8C): tR=14.6 min, determined purity 99%.

(Fuc,Sia)[2,5]-6 (16): 1H NMR (300 MHz, D2O): d=8.46–8.43 (m, 2H,

N=N-N-CH), 8.38–8.34 (m, 2H, N=N-N-CH), 8.05–8.01 (m, 2H, p-HPh),

7.89–7.82 (m, 4H, o-HPh), 4.88 (d, 3J=3.0 Hz, 2H, Fuc-H1a), 4.74–

4.60 (m, 8H, N=N-N-CH2), 4.25–4.20 (m, 2H, N=N-N-CH2-CH2), 4.13–

3.95 (m, 8H, N=N-N-CH2-CH2, Sia-H8), 3.85–3.11 (m, 94H, CH2-O-

(CH2)2-O-CH2, N-CH2-CH2-NH, Fuc-H2, Fuc-H3, Fuc-H4, Sia-H4-H7,

Sia-H9, O=C-NH-CH2-CH2-O, Fuc-H-5), 2.77–2.49 (m, 28H, O=C-CH2-
CH2-C=O, Sia-H3eq), 2.00 (s, 6H, NC(=O)CH3 (Sia)), 1.95, 1.94 (s, s,

3H, O=C-CH3), 1.75 (t, 2,3J=12.1 Hz, 2H, Sia-H3ax), 0.93 ppm (d, 3J=

6.6 Hz, 6H, Fuc-H6); HRMS (ESI): m/z calcd for C122H189N29O51 (mon-

oisotopic mass 2878.3087): 959.7769 [M++3H]3+ ; found: 959.7761;

RP-HPLC: (gradient: 100–50% eluent A over 30 min, 25 8C): tR=

13.6 min, 13.8 min, determined purity 96%.

(Fuc,Fuc)[2,5]-6 (17): 1H NMR (600 MHz, D2O): d=8.39 (s, 4H, N=N-

N-CH), 7.99–7.97 (m, 2H, p-HPh), 7.82–7.79 (m, 4H, o-HPh), 4.78 (d,
3J=3.1 Hz, 4H, Fuc-H1a), 4.67–4.56 (m, 8H, N=N-N-CH2), 4.04–3.89

(m, 8H, N=N-N-CH2-CH2), 3.63–3.09 (m, 76H, Fuc-H2, Fuc-H3, Fuc-
H4, CH2-O-(CH2)2-O-CH2, N-CH2-CH2-NH, O=C-NH-CH2-CH2-O), 3.06–

2.99 (m, 4H, Fuc-H5), 2.68–2.59 (m, 4H, O=C-CH2-CH2-C=O), 2.47–

2.36 (m, 20H, O=C-CH2-CH2-C=O), 1.86, 1.86 (s, s, 3H, O=C-CH3),

0.82 ppm (d, 3J=6.5 Hz, 12H, Fuc-H6). MALDI-TOF-MS: m/z calcd

for C112H175N27O43 2609.2 [M++Na]+ ; found: 2609.3. HRMS (ESI): m/z

calcd for C112H175N27O43 (monoisotopic mass 2586.2337): 863.0852
[M+3H]3+ ; found: 863.0851; RP-HPLC: (gradient: 100–50% eluent

A over 30 min, 25 8C): tR=14.3 min, determined purity 99%.

(Gal,Gal)[2,5]-6 (18): Negative control 18 exhibits galactose units

of an a/b-mixture (3:1). 1H NMR (600 MHz, D2O): d=8.38–8.34 (m,

4H, N=N-N-CH), 7.97–7.91 (m, 2H, p-HPh), 7.81–7.75 (m, 4H, o-HPh),

5.00 (d, 3J=1.4 Hz, 1H, Gal-H1a), 4.74–4.65 (m, 8H, N=N-N-CH2),

4.45 (d, 3J=7.4 Hz, Gal-H1b), 4.39–4.32 (m, 3H, N=N-N-CH2-CH2),

4.19–4.12 (m, 4H, N=N-N-CH2-CH2), 4.08–4.01 (m, 3H, N=N-N-CH2-

CH2, Gal-H2a), 3.92 (d, J=3.2 Hz, 4H, Gal-H2b), 3.79–3.12 (m, 89H,

Gal-H2, Gal-H4, Gal-H5, Gal-H3, Gal-H6, CH2-O-(CH2)2-O-CH2, N-CH2-

CH2-NH, O=C-NH-CH2-CH2-O), 2.76–2.68 (m, 4H, O=C-CH2-CH2-C=O),

2.52–2.47 (m, 20H, O=C-CH2-CH2-C=O), 1.94–1.92 ppm (m, 3H, O=

C-CH3) ; MALDI-TOF-MS: m/z calcd for C112H175N27O47 2673.2134

[M++Na]+ ; found: 2673.294; HRMS (ESI): m/z calcd for C112H175N27O47

(monoisotopic mass 2650.2134): 884.4117 [M+3H]3+ ; found:

884.4114; RP-HPLC: (gradient: 100–50% eluent A over 30 min,

25 8C): tR=12.9, 13.1, 13.3 min; determined purity 99%.
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